Effects of different antibiotics on the uterine contraction and the expression of aquaporin 5 in term pregnant rat. by Csányi, Adrienn et al.
Accepted Manuscript
Title: Effects of different antibiotics on the uterine contraction
and the expression of aquaporin 5 in term pregnant rat
Authors: Adrienn Csa´nyi, Judit Hajagos-To´th, Anna
Kothencz, Robert Gaspar, Eszter Ducza
PII: S0890-6238(18)30065-0
DOI: https://doi.org/10.1016/j.reprotox.2018.07.082
Reference: RTX 7710
To appear in: Reproductive Toxicology
Received date: 19-2-2018
Revised date: 12-7-2018
Accepted date: 17-7-2018
Please cite this article as: Csa´nyi A, Hajagos-To´th J, Kothencz A, Gaspar R,
Ducza E, Effects of different antibiotics on the uterine contraction and the
expression of aquaporin 5 in term pregnant rat, Reproductive Toxicology (2018),
https://doi.org/10.1016/j.reprotox.2018.07.082
This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.
Title Page 
 
Effects of different antibiotics on the uterine contraction and the expression of 
aquaporin 5 in term pregnant rat 
Short title: Effects of antibiotics on AQP5 in uterus 
Adrienn Csányi, Judit Hajagos-Tóth, Anna Kothencz, Robert Gaspar and Eszter Ducza 
 
Department of Pharmacodynamics and Biopharmacy, Faculty of Pharmacy, University of 
Szeged, H-6720 Szeged, Hungary 
 
Author for correspondence: Eszter Ducza,  
H-6720 Szeged, Eötvös u. 6, Hungary; Tel.: +36-62-545-567,  
ducza@pharm.u-szeged.hu 
 
Highlights 
 The pre-treatment with amoxicillin or fosfomycin decreased the AQP5 protein level 
and enhanced the oxytocin-induced contractions in the last day of pregnancy in rat. 
 Amoxicillin and fosfomycin may sensitize the uterus to oxytocin via the reduction of 
AQP5 expression. This synergetic effect must be considered in pharmacotherapy 
during pregnancy. 
Abstract 
Aquaporin (AQP) water channels are small hydrophobic integral membrane proteins. AQP5 
expression, which is regulated by oxytocin, showed a dramatic down-regulation at the term 
and preterm uterus. Since antibiotics are among the drugs to treat intrauterine infections, our 
aim was to study the effects of antibiotics on AQP5 and uterine contractility on 22-day 
pregnant rats. 
The change in uterine AQP5 expression was investigated by PCR and Western blot 
techniques. Uterine contractility was tested in an organ bath system.  
7 days of pre-treatment with amoxicillin or single dose of fosfomycin decreased the AQP5 
protein level, while 7 days of treatment with doxycycline had no effect. Fosfomycin or 
amoxicillin pre-treatments enhanced, while doxycycline pre-treatment did not alter the 
oxytocin-induced contractions.  
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Amoxicillin and fosfomycin may sensitize the uterus to oxytocin via the reduction of AQP5 
expression. This synergism might have importance during the pharmacotherapy of infection-
related preterm birth.  
 
Keywords: amoxicillin; aquaporin 5; doxycycline; fosfomycin, pregnancy 
 
 
 
1 Introduction 
Water molecules are essential to the functioning of most known life-forms and aquaporins 
(AQPs) are integral membrane proteins that form channels to facilitate the rapid movement of 
water and a few small molecules across cell membranes. So far 13 mammalian AQPs have 
been identified and all but one are expressed in mammalian reproductive systems (1). These 
small, hydrophobic integral membrane proteins are divided into three subtypes. Classical 
AQPs, including AQP0, 1, 2, 4, 5, 6 and 8 are selectively permeable to water (2). 
Aquaglyceroporins are AQP3, 7, 9 and 10; these are non-selective water channels, permeable 
not only to water but also to glycerol, urea and other small solutes (3,4). Unorthodox 
aquaporins include AQP11 and 12; their functions are not clearly identified (5,6). 
AQPs have an important role during pregnancy. The reduction in the amount of luminal fluid 
at the time of implantation is essential for successful implantation (7). In humans, AQP2 and 
3 were found in epithelial cells with an increased expression during the mid-secretory phase, 
which corresponds with the time of implantation (8, 9). Sun XL et al. proved that female 
Aqp4−/− mice had subfertility with defective folliculogenesis (10). The presence of AQP5 in 
the mouse and rat uterus was observed in the luminal epithelial cells at the time of 
implantation (11, 12). Aqp1, 3 and 8 genes were found in the second half of pregnancy in 
murine, ovine and human placenta (13). Escobar et al. found high mRNA expression for 
Aqp1, 3, 9 and 11, low for Aqp4, 5 and 8, while Aqp2, 6 and 7 were undetectable in chorionic 
villi between the 10th and 14th weeks of human gestation (14). At the end of pregnancy, during 
the process of cervical ripening, the cervical water content increases. The presence of Aqp3, 4, 
5 and 8 was determined in mice pregnant cervix, which influences this ripening process (15). 
Our earlier study demonstrated the presence of AQP1, 2, 3, 5, 8, and 9 in the late-pregnant rat 
uterus with the predominance of AQP5 before parturition. AQP5 expression was dramatically 
reduced on the last day of pregnancy and was down-regulated by oxytocin, suggesting its 
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participation in the initiation of delivery (16). It was confirmed by microarray analysis, in 
which the significant down-regulation of Aqp5 mRNA was observed during delivery, 
underscoring their potential role in parturition in the rat uterus (17). We also proved that 
AQP5 expression was significantly decreased by hormonally-induced preterm delivery in 
pregnant rat uterus similarly to the last day of pregnancy (18). These findings suggest that the 
reduced AQP5 expression in the uterus may be linked to the onset of preterm labour. 
Preterm delivery increases prenatal morbidity and mortality, which often leads to long-term 
neurological impairments and respiratory and gastrointestinal complications in children (19). 
There are multiple mechanisms in the background of preterm labour, such as infection, 
ischemia, uterine over-distension, cervical disease, abnormal allograft reaction, allergic 
phenomena or endocrine disorder (20). It is well-known that genital tract infection is one of 
the factors that increases the incidence of preterm birth (21). A possible mechanism for the 
link between infection and preterm delivery is the bacterial stimulation of the biosynthesis of 
prostaglandins, either directly via phospholipase A2 and C (22), or indirectly via substances 
such as interleukin-1, tumor necrosis factor and platelet activating factor, all of which may be 
found in infected amniotic fluid (23). Antibiotics are often used to reduce the risk of 
infection-related preterm birth, especially in case of the premature rupture of the membranes 
(PROM) (24). A meta-analysis demonstrated that prophylactic antibiotics, e.g. amoxicillin 
after PROM can decrease the incidence of sepsis and intraventricular haemorrhage among 
newborns (25). Despite the lack of evidence of longer-term benefit in childhood, the 
advantages of short-term morbidities are such that we recommend antibiotics should be 
routinely prescribed. The antibiotic of choice is not clear but co-amoxiclav should be avoided 
in women due to the increased risk of neonatal necrotizing enterocolitis (24). Amoxicillin and 
fosfomycin are also widely used antibiotics against bacteriuria and bacterial vaginosis during 
gestation (26,27,28,29). The usage of these antibiotics is allowed during pregnancy but 
limited information is available about their effect on AQP5 expression and thereby on uterine 
contraction. AQP5 expression was increased 7 days after treatment with doxycycline in 
cuboidal and squamous epithelial cells in the lung periphery as well as in bronchiolar 
epithelial cells (30), but there is no scientific data about its uterine action (or that of other 
antibiotics).  
Therefore our aim was to investigate the effect of these antibiotics on the expression of AQP5 
and uterine contraction on the day of birth in rats.  
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2 Methods 
2.1 Animals 
The animals were treated in accordance with the European Communities Council Directives 
(86/609/ECC) and the Hungarian Act for the Protection of Animals in Research (Article 32 of 
Act XXVIII). Experiments involving animal subjects were carried out with the approval of 
the Hungarian Ethical Committee for Animal Research (permission number: IV/198/2013). 
Mature female (180-200 g) and male (240-260 g) Sprague-Dawley rats (INNOVO Ltd., 
Gödöllő, Hungary) were mated in a special mating cage. It had a time-controlled movable 
metal door separating male and female animals. This door was opened before dawn, because 
rats are active at night. Within 4-5 hours after the potential copulation, vaginal smears were 
taken and were examined by a microscope at a magnification of 1200 x. Female rats were 
separated and regarded as being on the first-day of gestation in the presence of copulation 
plug or the presence of sperms in the native vaginal smear. 
The animals were kept at a controlled temperature of 20-23°C, in relative humidity of 40%-
60% and under a 12 h light/dark cycle. The rats were fed a standard rodent pellet diet 
(INNOVO Ltd., Isaszeg, Hungary), with tap water available ad libitum. 
2.2 Treatments of the Rats 
The first group of pregnant rats was treated with amoxicillin from gestational days 16 to 22. 
The animals were treated orally by oral gavage with Ospamox granulates for suspension 
(Sandoz Ltd. Kundl, Austria) in a dose of 40 mg/kg of body weight once a day. (31,32). The 
suspension was prepared with purified water. On the last day of gestation (day 22) uterine 
samples were collected and molecular studies were carried out. 
The second group of pregnant rats was treated with fosfomycin on day 21 of gestation. On 
gestational day 22 uterine samples were collected and molecular studies were carried out. The 
animals were treated orally by oral gavage with Monural granulates (Zambon Ltd. Bresso, 
Italy) in a dose of 40 mg/kg of body weight once (33,34). The solution was prepared with 
purified water. 
The third group of pregnant rats was treated with doxycycline from gestational days 16 to 22. 
The animals were treated orally by oral gavage with Doxycyclin AL (Aliud Pharma Ltd. 
Laichingen, Germany) (100 mg hard capsule) in a dose of 30 mg/kg of body weight once a 
day (35,36). The suspension was prepared by opening the capsules and grinding the powder 
with methyl cellulose. On the last day of gestation (day 22), uterine samples were collected 
and molecular studies were carried out. The durations of the therapies were determined based 
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on human therapeutic protocols (37,38,39). The control groups (one group as control for 
amoxicillin and doxycycline groups with 7 days of treatment and another group for 
fosfomycin groups with a single treatment) were treated orally by oral gavage with tap water.  
 
RT-PCR Studies 
2.2.1 Tissue Isolation  
The pregnant rats were terminated by CO2 inhalation, while newborn pups were sacrificed by 
cervical dislocation (decapitation) immediately after caesarean section. The uterine tissues 
from pregnant rats (n=6) (tissue between two implantation sites) were rapidly removed and 
placed into RNAlater Solution (Sigma-Aldrich, Budapest, Hungary). The tissues were frozen 
in liquid nitrogen and stored at -75°C until the extraction of total RNA. 
2.2.2 Total RNA Preparation 
Total cellular RNA was isolated by extraction with guanidinium thiocyanate-acid-phenol-
chloroform according to the procedure of Chomczynski and Sacchi (40). After precipitation 
with isopropanol, the RNA was washed with 75% ethanol and then re-suspended in diethyl 
pyrocarbonate-treated water. RNA purity was controlled at an optical density of 260/280 nm 
with BioSpec-nano (Shimadzu, Kyoto, Japan); all samples exhibited an absorbance ratio in 
the range of 1.6-2.0. RNA quality and integrity were assessed by agarose gel electrophoresis. 
2.2.3 Real-Time Reverse-Transcription PCR 
Reverse transcription and amplification of the PCR products were performed by using the 
TaqMan RNA-to-CT-Step One Kit (Life Technologies, Budapest, Hungary) and an ABI 
StepOne Real-Time cycler. Reverse-transcriptase PCR amplifications were performed as 
follows: at 48°C for 15 min and at 95°C for 10 min, followed by 40 cycles at 95°C for 15 sec 
and at 60°C for 1 min. The generation of specific PCR products was confirmed by melting 
curve analysis. The samples of PCR experiments contained “no-template” control and 
“absolute” control or RNA samples from non-treated and treated uteri. The following primers 
were used: assay ID Rn00562837_m1 for Aqp5 water channel and Rn00667869_m1 for β-
actin as endogenous control. All samples were run in triplicate. The fluorescence intensities of 
the probes were plotted against PCR cycle number. The amplification cycle displaying the 
first significant increase of the fluorescence signal was defined as the threshold cycle (CT). 
AC
CE
PT
ED
 M
AN
US
CR
IPT
2.3 Western Blot Analysis 
The uterine tissues from pregnant animals (tissue between two implantation sites) were 
homogenized using a Micro-Dismembrator (Sartorius AG, Goettingen, Germany) and 
centrifuged at 5,000×g for 15 min at 4°C in RIPA Lysis Buffer System (Santa Cruz 
Biotechnology, Inc., Dallas, TX, USA), which contains phenylmethylsulfonyl fluoride 
(PMSF), sodium orthovanadate and protease inhibitor cocktail. Total protein amounts from 
the supernatant were determined by a spectrophotometer (BioSpec-nano, Shimadzu, Japan). 
Twenty-five micrograms of sample protein per well was subjected to electrophoresis on 4%-
12% NuPAGE Bis-Tris Gel in XCellSureLock Mini-Cell Units (Life Technologies). Proteins 
were transferred from gels to nitrocellulose membranes using the iBlot Gel Transfer System 
(Life Technologies). Ponceau S (Sigma-Aldrich) was used to check the standard running and 
transfer conditions. After the blocking, the membrane has been cut and the antibodies were 
used on the two part of membrane in the same time and conditions. The blots were incubated 
overnight on a shaker with AQP5 (24 kDa) and β-actin (43 kDa) polyclonal antibodies 
(ThermoFisher Scientific, 1ug/ml, host: rabbit, specificity: mouse, rat and human) in blocking 
buffer. Antibody binding was detected with the WesternBreeze® Chromogenic 
immunodetection kit (ThermoFisher Scientific), which contains alkaline phosphatase 
secondary antibody solution. Images were captured with the EDAS290 imaging system 
(Csertex Ltd., Budapest, Hungary), and the optical density of each immunoreactive band was 
determined with Kodak 1D Images analysis software. β-actin was used for protein 
normalization for this semi-quantitative method. Optical densities were calculated as arbitrary 
units after local area background subtraction. 
2.4 In Vitro Contractility Studies 
Uteri were removed from the 22-day-pregnant rats. 5-mm-long muscle rings were sliced from 
both horns of the uterus and mounted vertically in an organ bath containing 10 ml of de Jongh 
solution (composition: 137 mMNaCl, 3 mMKCl, 1 mM CaCl2, 1 mM MgCl2, 12 mM 
NaHCO3, 4 mM NaH2PO4, 6 mM glucose, pH = 7.4). The temperature of the organ bath was 
maintained at 37 °C, and carbogen (95% O2 + 5% CO2) was perfused through the bath. After 
mounting, the rings were allowed to equilibrate for approximately 60 min before experiments 
were started, with a buffer change every 15 min. The initial tension of the preparation was set 
to about 1.5 g and the tension dropped to about 0.5 g by the end of the equilibration period. 
The tension of the myometrial rings was measured with a gauge transducer (SG-02; 
Experimetria Ltd., Budapest, Hungary) and recorded with a SPEL Advanced ISOSYS Data 
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Acquisition System (Experimetria Ltd., Budapest, Hungary). In the following step, 
spontaneous contractions were recorded for 4 minutes and cumulative oxytocin 
concentration–response curves (10-12−10-8 M) were constructed in each experiment. 
Following the addition of each concentration of oxytocin, recording was performed for 4 
minutes. Results were analysed statistically with the Prism 4.0 (Graphpad Software Inc. San 
Diego, CA, USA) computer program. 
2.5 Statistical Analysis 
All experiments were carried out on six animals and molecular biology studies were repeated 
three times. Statistical analyses were performed using the Prism 5.0 software (Graph Pad 
Software, Inc., San Diego, CA, USA). ANOVA Dunnett’s multiple comparison test (for 
contractility studies) or two-tailed unpaired t test (for RT-PCR and Western-blot studies) were 
used. P< 0.05 was considered as a level of significance. 
 
3 Results 
3.1 RT-PCR and Western Blot Studies 
The Aqp5 mRNA (Fig. 1A) and protein (Fig. 1B) expressions significantly decreased 
(p < 0.05) on the last day of gestation as a result of 7 days of amoxicillin pre-treatment. A 
single dose of fosfomycin on gestational day 21 significantly increased the Aqp5 mRNA 
levels on day 22 of gestation (p < 0.001), compared to the non-treated animals (Fig. 2A). 
Contrary to the mRNA level, the protein level of AQP5 decreased on day 22 of gestation 
(p < 0.01) (Fig. 2B). 
7 days of doxycycline pre-treatment did not cause significant changes either in the Aqp5 
mRNA or the protein levels on the last day of gestation (p > 0.05), compared to the non-treated 
uterus (Fig. 3). 
 
3.2 Isolated Organ Studies 
Oxytocin (10-12–10-8 M) induced rhythmic contractions in the 22-day pregnant rat uterine 
rings. In low doses (10-12-10-10 M) the oxytocin effect was moderated, while from 
concentration of 10-9 M a relatively steep elevation was found in the uterine contraction on the 
concentration-response curve reaching an approximately 3-fold increase in contraction as 
compared with spontaneous activity. Fosfomycin or amoxicillin pre-treatments significantly 
enhanced the uterine contracting effects of oxytocin, but only at the highest concentration (10-
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8M). However, doxycycline pre-treatment did not alter the oxytocin-induced contractions 
(Fig. 4).  
 
4 Discussion 
Preterm delivery has several risk factors, such as intrauterine inflammation or infection 
(41,42). The use of antibiotics in pregnancy with PROM could increase the period between 
the rupture of membranes and the onset of labour (44). We presume that the reduction of the 
oxytocin-regulated AQP5 protein may lead to the initiation of uterine contractions (16).  
In our study we have investigated the uterine actions of three different antibiotics on AQP5 
expression and contractions. Amoxicillin and fosfomycin are widely used in the therapy for 
pregnant women, while doxycycline is contraindicated (46). However, it was proven that 
doxycycline induces AQP5 expression in the lungs of transgenic mice (40), therefore it is the 
only one known AQP5-influencing antibiotic. Based on our earlier studies, AQP5 expression 
is inversely proportional to uterine contractility (16,18). Amoxicillin treatment caused 
significant decreases in the AQP5 level in the pregnant uterus on the day of labour. In the in 
vitro isolated organ experiment, the uterine tissues showed enhanced contractility responses to 
oxytocin as a result of amoxicillin pre-treatment. Three randomized controlled studies have 
focused on penicillins and PTB. No significant benefit was associated with the use of 
penicillins. There was no difference in the mean gestational age at delivery, and other 
perinatal outcomes were also similar (43-45). Our results might explain the ineffectiveness of 
amoxicillin and other beta-lactams in PTB (47), or even warn of the potential risk of 
enhancement in myometrial contractility. 
In the case of fosfomycin, there were significant increases in the Aqp5 mRNA expression but 
the protein level was decreased. This difference in the mRNA and protein level is not rare in 
molecular biology studies. Several biological factors were identified to influence the 
translation of information from RNA to protein, so a strong correlation between mRNA and 
protein expression does not always exist. With regard to the pharmacological effect, protein 
expression is perceived as a determining factor for ligand action. Several studies proved that 
the correlation between the mRNA and protein expression is frequently quite weak. One of 
the putative reasons for this discordance can be the complicated and varied post-translational 
processes that have not been defined yet (48,49). Fosfomycin pre-treatment reduced the 
AQP5 protein expression and increased the sensitivity of uteri to oxytocin stimulation in the 
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10-8M concentration. Doxycycline had an effect neither on the AQP5 expression nor on the 
uterine contracting effects of oxytocin.  
Several studies have reported that antibiotic therapy is able to directly modulate the 
contractility of smooth muscles, too (50,51,52). Piccino et al. also investigated the modulator 
effect of three antibiotics (amoxicillin, enrofloxacin, and rifaximin) on the contractility of the 
non-pregnant bovine uterine tissue. Amoxicillin induced a relaxing concentration-dependent 
effect on basal contractility in the lutheal and follicular phases of the cycle (53).  
Based on these results, we have found further evidence for the cross-talk between AQP5 and 
oxytocin in the regulation of uterine contraction. Although the exact mechanism of this 
phenomenon is not clear, we presume that the changes in the cell volume by AQP5 were 
induced by antibiotics that influence the intracellular calcium concentration. The positive 
correlation between AQP5 and intracellular calcium concentration was proved in kidney cell 
lines (54,55). The calcium-dependent activation of calmodulin and myosin light chain kinase 
is considered the canonical pathway of uterine stimulation by oxytocin. It is well-known that 
the oxytocin receptor density increases at the onset of labour, which is assumed to mediate an 
increase in the sensitivity of the myometrium to oxytocin at term.  
Antibiotics are used not only in PROM but also in pregnancy-associated urinary tract 
infections (PAUTI). Untreated PAUTIs can have serious consequences, including 
pyelonephritis, preterm labor, low birth weight, and sepsis (56). Based on our finding, the 
therapy with amoxicillin and fosfomycin requires increased attention, especially if there are 
other factors which enhance the potential for preterm birth. 
We can conclude that amoxicillin and fosfomycin therapies may sensitize the uterus to 
oxytocin via the reduction of AQP5 expression. This synergetic effect must be considered in 
pharmacotherapy during pregnancy.  
 
Conflict of Interest Statement:  
The authors declare that there are no conflicts of interest. 
 
Acknowledgements:  
This research was supported by the UNKP-17-4 new national excellence program of the 
Ministry of Human Capacities. 
  
References 
 
AC
CE
PT
ED
 M
AN
US
CR
IPT
1. Zhang D, Tan Y-J, Qu F, Sheng J-Z, Huang H-F. Functions of water channels in male and 
female reproductive systems. Mol Aspects Med. (2012) Oct;33(5–6):676–90.  
2. Ishibashi K, Kondo S, Hara S, Morishita Y. The evolutionary aspects of aquaporin family. 
AJP Regul Integr Comp Physiol. (2011) Mar 1;300(3):R566–76.  
3. Madeira A, Moura TF, Soveral G. Aquaglyceroporins: implications in adipose biology and 
obesity. Cell Mol Life Sci. (2015) Feb;72(4):759–71.  
4. Hara-Chikuma M, Verkman AS. Physiological roles of glycerol-transporting aquaporins: 
the aquaglyceroporins. Cell Mol Life Sci CMLS. (2006) Jun;63(12):1386–92.  
5. Yakata K, Hiroaki Y, Ishibashi K, Sohara E, Sasaki S, Mitsuoka K, et al. Aquaporin-11 
containing a divergent NPA motif has normal water channel activity. Biochim Biophys 
Acta BBA - Biomembr. (2007) Mar;1768(3):688–93.  
6. Itoh T, Rai T, Kuwahara M, Ko SBH, Uchida S, Sasaki S, et al. Identification of a novel 
aquaporin, AQP12, expressed in pancreatic acinar cells. Biochem Biophys Res 
Commun. (2005) May;330(3):832–8.  
7. Beall MH, van den Wijngaard JPHM, van Gemert MJC, Ross MG. Amniotic Fluid Water 
Dynamics. Placenta. 2007 Aug;28(8–9):816–23. 
8. He RH, Sheng JZ, Luo Q, Jin F, Wang B, Qian YL, Zhou CY, Sheng X, Huang HF 
Aquaporin-2 expression in human endometrium correlates with serum ovarian steroid 
hormones. Life Sci 2006, 79:423–429 
9. Mobasheri A, Wray S, Marples D Distribution of AQP2 and AQP3 water channels in 
human tissue microarrays. J Mol Histol 2005, 36:1–14 
10. Sun XL, Zhang J, Fan Y, Ding JH, Sha JH, Hu G Aquaporin-4 deficiency induces 
subfertility in female mice. Fertil Steril. 2009 Nov;92(5):1736-43. 
11. Lindsay LA, Murphy CR Redistribution of aquaporins in uterine epithelial cells at the 
time of implantation in the rat. Acta Histochem 2004,106:299–307 
12. Lindsay LA, Murphy CR. Aquaporins are upregulated in glandular epithelium at the time 
of implantation in the rat. J Mol Histol. 2007, Mar;38(1):87-95. 
13. Liu H, Koukoulas I, Ross MC, Wang S, Wintour EM. Quantitative comparison of 
placental expression of three aquaporin genes. Placenta. 2004,25(6):475-8. 
14. Escobar J, Gormaz M, Arduini A, Gosens K, Martinez A, Perales A, Escrig R, Tormos E, 
Roselló M, Orellana C, Vento M. Expression of aquaporins early in human pregnancy. 
Early Hum Dev. 2012 Aug;88(8):589-94. 
15. Anderson, J., Brown, N., Mahendroo, MS., Reese, J., Utilization of Different Aquaporin 
Water Channels in the Mouse Cervix during Pregnancy and Parturition and in Models of 
Preterm and Delayed Cervical Ripening. Endocrinology. 2006,147 (1): 130–140. 
AC
CE
PT
ED
 M
AN
US
CR
IPT
16. Ducza E, Seres AB, Hajagos-Tóth J, Falkay G, Gáspár R. Oxytocin regulates the 
expression of aquaporin 5 in the late-pregnant rat uterus: Alterations in AQPs in the 
Late-pregnant Rat Uterus. Mol Reprod Dev. (2014) Jun;81(6):524–30. 
17. Helguera, G., Eghbali, M., Sforza, D., Minosyan, TY., Toro, L., Stefani, E., Changes in 
global gene expression in rat myometrium in transition from late pregnancy to 
parturition. Physiol Genomics. 2009, 8;36(2):89-97. 
18. Csányi A, Bóta J, Falkay G, Gáspár R, Ducza E. The Effects of Female Sexual Hormones 
on the Expression of Aquaporin 5 in the Late-Pregnant Rat Uterus. Int J Mol Sci. (2016) 
Aug 22;17(8):1300. 
19. Owen J, Groome LJ, Hauth JC. Randomized trial of prophylactic antibiotic therapy after 
preterm amnion rupture. Am J Obstet Gynecol. (1993) Oct;169(4):976–81. 
20. Romero R, Espinoza J, Kusanovic J, Gotsch F, Hassan S, Erez O, et al. The preterm 
parturition syndrome. BJOG Int J Obstet Gynaecol. (2006) Dec;113:17–42.  
21.  Joergensen JS, Kjær Weile LK, Lamont RF. The early use of appropriate prophylactic 
antibiotics in susceptible women for the prevention of preterm birth of infectious 
etiology. Expert Opin Pharmacother. 2014 Oct;15(15):2173-91.  
22. Bejar R, Curbelo V, Davis C, Gluck L. Premature labor. II. Bacterial sources of 
phospholipase. Obstet Gynecol. 1981 Apr;57(4):479-82. 
23. Yoon BH, Romero R, Park JS, Kim M, Oh SY, Kim CJ, Jun JK. The relationship among 
inflammatory lesions of the umbilical cord (funisitis), umbilical cord plasma interleukin 
6 concentration, amniotic fluid infection, and neonatal sepsis. Am J Obstet Gynecol. 
2000 Nov;183(5):1124-9. 
24. Kenyon S, Boulvain M, Neilson JP. Antibiotics for preterm rupture of membranes. 
Cochrane Database Syst Rev. 2013 Dec 2;(12):CD001058.  
25. Egarter C, Leitich H, Karas H, Wieser F, Husslein P, Kaider A, et al. Antibiotic treatment 
in preterm premature rupture of membranes and neonatal morbidity: a metaanalysis. Am 
J Obstet Gynecol. (1996) Feb;174(2):589–97. 
26. Keating GM. Fosfomycin trometamol: a review of its use as a single-dose oral treatment 
for patients with acute lower urinary tract infections and pregnant women with 
asymptomatic bacteriuria. Drugs. 2013 Nov;73(17):1951-66. 
27. Estebanez A, Pascual R, Gil V, Ortiz F, Santibáñez M, Pérez Barba C. Fosfomycin in a 
single dose versus a 7-day course of amoxicillin-clavulanate for the treatment of 
symptomatic bacteriuria during pregnancy. Eur J Clin Microbiol Infect Dis. 2009 
Dec;28(12):1457-64. 
28. Vercaigne LM, Zhanel GG. Recommended treatment for urinary tract infection in 
pregnancy. Ann Pharmacother. 1994 Feb;28(2):248-51.  
29. Duff P, Lee ML, Hillier SL, Herd LM, Krohn MA, Eschenbach DA. Amoxicillin 
treatment of bacterial vaginosis during pregnancy. Obstet Gynecol. (1991) 
Mar;77(3):431–5. 
AC
CE
PT
ED
 M
AN
US
CR
IPT
30. Tichelaar JW. Conditional Expression of Fibroblast Growth Factor-7 in the Developing 
and Mature Lung. J Biol Chem. (2000) Apr 14;275(16):11858–64.  
31. Moreillon P, Francioli P, Overholser D, Meylan P, Glauser MP. Mechanisms of 
successful amoxicillin prophylaxis of experimental endocarditis due to Streptococcus 
intermedius. J Infect Dis. (1986) Nov;154(5):801–7.  
32.  Berney P, Francioli P. Successful prophylaxis of experimental streptococcal endocarditis 
with single-dose amoxicillin administered after bacterial challenge. J Infect Dis. (1990) 
Feb;161(2):281–5.  
33.  Ozok HU, Ekim, Saltas, Arikok, Babacan, Sagnak, et al. The preventive role of 
transurethral antibiotic delivery in a rat model. Drug Des Devel Ther. (2012) Jul;187.  
34.  Wang C-T, Zhang L, Wu H-W, Wei L, Xu B, Li D-M. Doxycycline attenuates acute 
lung injury following cardiopulmonary bypass: involvement of matrix 
metalloproteinases. Int J Clin Exp Pathol. (2014);7(11):7460–8.  
35.  Wang C-T, Zhang L, Wu H-W, Wei L, Xu B, Li D-M. Doxycycline attenuates acute 
lung injury following cardiopulmonary bypass: involvement of matrix 
metalloproteinases. Int J Clin Exp Pathol. (2014);7(11):7460–8.  
36.  Mata KM, Tefé-Silva C, Floriano EM, Fernandes CR, Rizzi E, Gerlach RF, et al. 
Interference of doxycycline pretreatment in a model of abdominal aortic aneurysms. 
Cardiovasc Pathol. (2015) Mar;24(2):110–20.  
37. Dijkmans AC, Zacarías NVO, Burggraaf J, Mouton JW, Wilms EB, van Nieuwkoop C, 
Touw DJ, Stevens J, Kamerling IMC. Fosfomycin: Pharmacological, Clinical and Future 
Perspectives. Antibiotics (Basel). 2017 Oct 31;6(4). 
38. Bader MS, Loeb M, Brooks AA An update on the management of urinary tract infections 
in the era of antimicrobial resistance.Postgrad Med. 2017 Mar;129(2):242-258.  
39. Coker TJ, Dierfeldt DM. Acute Bacterial Prostatitis: Diagnosis and Management. Am 
Fam Physician. 2016 Jan 15;93(2):114-20.  
40.  Chomczynski P, Sacchi N. Single-step method of RNA isolation by acid guanidinium 
thiocyanate-phenol-chloroform extraction. Anal Biochem. (1987) Apr;162(1):156–9.  
41.  Epstein FH, Goldenberg RL, Hauth JC, Andrews WW. Intrauterine Infection and 
Preterm Delivery. N Engl J Med. (2000) May 18;342(20):1500–7.  
42.  Gonçalves LF, Chaiworapongsa T, Romero R. Intrauterine infection and prematurity: 
Intrauterine Infection and Prematurity. Ment Retard Dev Disabil Res Rev. (2002) 
;8(1):3–13.  
43.  Kenyon SL, Taylor DJ, Tarnow-Mordi W, ORACLE Collaborative Group. Broad-
spectrum antibiotics for spontaneous preterm labour: the ORACLE II randomised trial. 
ORACLE Collaborative Group. Lancet Lond Engl. (2001) Mar 31;357(9261):989–94.  
44.  Ananth CV, Guise JM, Thorp JM. Utility of antibiotic therapy in preterm premature 
rupture of membranes: a meta-analysis. Obstet Gynecol Surv. (1996) May;51(5):324–8.  
AC
CE
PT
ED
 M
AN
US
CR
IPT
45.  Kenyon S, Boulvain M, Neilson J. Antibiotics for Preterm Rupture of the Membranes: A 
Systematic Review: Obstet Gynecol. (2004) Nov;104(5, Part 1):1051–7.  
46. Bookstaver PB, Bland CM, Griffin B, Stover KR, Eiland LS, McLaughlin M. A Review 
of Antibiotic Use in Pregnancy. Pharmacotherapy. 2015 Nov;35(11):1052-62. 
47. Lee J, Romero R, Kim SM, Chaemsaithong P, Yoon BH. A new antibiotic regimen treats 
and prevents intra-amniotic inflammation/infection in patients with preterm PROM. J 
Matern Fetal Neonatal Med. 2016 Sep;29(17):2727-37.  
48. Maier T, Güell M, Serrano L Correlation of mRNA and protein in complex biological 
samples. . FEBS Lett. 2009 Dec 17;583(24):3966-73. doi: 10.1016/j.febslet.2009.10.036. 
49. Greenbaum D, Colangelo C, Williams K, Gerstein M. Comparing protein abundance and 
mRNA expression levels on a genomic scale. Genome Biol. 2003;4(9):117. Epub 2003 
Aug 29.  
50. A.G. Paradelis, B.C. Tarlatzis, C.J. Triantaphyllidis, M.M. El-Messidi, A.C. Papaloucas 
Effect of aminoglycoside antibiotics on the contractility of the uterus Methods Find Exp 
Clin Pharmacol, 4 (1982), pp. 337-341  
51. Tagaya E., J. Tamaoki, H. Takemura, A. Chiyotani, K. Konno. Effect of ciprofloxacin on 
contractile responses of canine airway smooth muscle Kansenshogaku Zasshi, 69 (1995), 
pp. 404-407  
52. Granovsky-Grisaru S., D. Ilan, D. Grisaru, O. Lavie, I. Aboulafia, Y.Z. Diamant, Effect of 
erythromycin on contractility of isolated myometrium from pregnant rats Am J Obstet 
Gynecol, 178 (1 Pt. 1) (1998), pp. 171-174 
53. Piccinno M, Rizzo A, Cariello G, Staffieri F, Sciorsci RL. Oxytocin plus antibiotics: A 
synergism of potentiation to enhance bovine uterine contractility. Theriogenology. 2016 
Sep 15;86(5):1203-11.  
54. Inoue R. New Findings on the Mechanism of Perspiration Including Aquaporin-5 Water 
Channel. Curr Probl Dermatol. 2016;51:11-21.  
55. Concepcion AR, Vaeth M, Wagner LE 2nd, Eckstein M, Hecht L, Yang J, Crottes D, 
Seidl M, Shin HP, Weidinger C, Cameron S, Turvey SE, Issekutz T, Meyts I, Lacruz RS, 
Cuk M, Yule DI, Feske S Store-operated Ca2+ entry regulates Ca2+-activated chloride 
channels and eccrine sweat gland function. J Clin Invest. 2016 Nov 1;126(11):4303-
4318.  
55. Concepcion AR, Vaeth M, Wagner LE 2nd, Eckstein M, Hecht L, Yang J, Crottes D, 
Seidl M, Shin HP, Weidinger C, Cameron S, Turvey SE, Issekutz T, Meyts I, Lacruz RS, 
Cuk M, Yule DI, Feske S Store-operated Ca2+ entry regulates Ca2+-activated chloride 
channels and eccrine sweat gland function. J Clin Invest. 2016 Nov 1;126(11):4303-
4318.  
56. Ailes EC, Summers AD, Tran EL, Gilboa SM, Arnold KE, Meaney-Delman D, Reefhuis J 
Antibiotics Dispensed to Privately Insured Pregnant Women with Urinary Tract 
Infections - United States, 2014. MMWR Morb Mortal Wkly Rep. 2018 Jan 
12;67(1):18-22.  
AC
CE
PT
ED
 M
AN
US
CR
IPT
  
Figure legends 
 
Figure 1. Changes in mRNA (A) and protein (B) expression of AQP5 after 7 days of 
amoxicillin (A) pre-treatment in rat uterus on the last day of pregnancy. *p < 0.05 as 
compared with the non-treated uterus; Ax: amoxicillin. Each bar denotes the mean ± S.D. 
n = 6. 
 
Figure 2. Changes in mRNA (A) and protein (B) expression of AQP5 after fosfomycin (F) 
pre-treatment in pregnant rat uterus on gestation day 22. **p < 0.01, ***p < 0.001 as 
compared with non-treated uterus. F: fosfomycin. Each bar denotes the mean ± S.D. n = 6. 
 
Figure 3. Changes in mRNA (A) and protein (B) expression of AQP5 after doxycycline (D) 
pre-treatment in pregnant rat uterus on gestation day 22. ns p > 0.05 as compared with non-
treated uterus. ns: non-significant, D: doxycycline. Each bar denotes the mean ± S.D. n = 6. 
 
Figure 4. Representative traces of oxytocin-induced in vitro contractions in non-treated (A) 
and fosfomycin- (B), amoxicillin- (C), or doxycycline-treated (D) pregnant uteri.  
The change in contraction was calculated by the area under the curve (AUC) alteration and 
expressed in % ± SD as compared with AUC of control contractions (E).  
“F” diagram shows the changes of the AUC of spontaneous uterus contractions after the 
pretreatment with antibiotics compared to the non-treated uterus. 
Each value denotes the mean ± S.E.M, n = 6. ns: non-significant; ns p > 0.05; *p < 0.05; 
**p < 0.01. b.c.: basal contraction, OT: oxytocin. 
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